Summary The patterns of acidic and neutral glycosphingolipids (GSLs) were examined in a syngeneic tumour system in Balb/c mice consisting of closely related cell lines with different colonisation potentials directed to the murine lungs (in vivo selected highly metastatic sublines of L1-fibrosarcoma cells and their WGA-resistant mutants with low metastatic potential). GSLs were analysed by high-performance thin-layer chromatography and structurally identified by fast atom bombardment mass spectrometry combined with compositional analyses and exo-glycosidase digestion. The results suggest that highly metastatic sublines LI -LM and L1-LM12 derived by in vivo selection from mouse fibrosarcoma cells (cell line L1) exhibit a drastic increase of polar ganglioside expression and a restriction to globo-series GSLs. Contrasting with this the low metastatic mutant cells (LI-LM13WGA) express a reduced portion of acidic GSLs and exhibit a shift to less polar ganglioside components. Total cellular and plasma membrane-integrated GSLs were demonstrated to exhibit largely identical patterns. Concomitant with a significant decrease in LacCer expression a substantial reduction of GM2 and a complete lack of GM3 expression can be assigned to the highly metastatic sublines of LI-cells. On the other hand, the more polar gangliosides GM1a and, to an even greater extent, GDla (exceeding 70% of total gangliosides) accumulate on LI-LM and their clonal sublines. The shift to acidic GSLs of higher polarity is less pronounced on the low metastatic WGA-resistant mutant cells (LI-LM13WGA) showing a preponderance of GMIa. The portion of GDla within the fractions of acidic GSLs does not correspond to the cellular activities of CMP-NeuAc/GMI (a2-3) sialyltransferase measured for high and low metastatic cell variants. Total sialic acid content of the various cell lines differs, but is not associated with the metastatic potential. Gangliosides on LI-cells exhibit a significant substitution of N-glycolyl for N-acetylneuraminic acid (13%) compared to their metastatic sublines and to mutant cells (<1%). A conversion of surface exposed GDla to GMIa on membranes of metastatic cells by in situ treatment with Vibrio cholerae sialidase is associated with a significant reduction of tumour cell colonisation directed to the murine lungs.
Transformation-related structural modifications of cell surface carbohydrates have been assumed to imply a series of functional aspects with regard to the social behaviour of the tumour cell within the metastatic cascade (Nicolson, 1984) . Apart from the postulated role of membrane carbohydrates regarding tumour cell escape from the primary site (Smets et al., 1979) and tumour cell survival of host defense mechanisms in the haemato-lymphoid system (Yogeeswaran et al., 1981a; Irimura et al., 1981) there is also evidence for tumour cell glycoproteins and glycolipids acting as mediators of metastatic organotropy by specific adhesion to organ lectins (Uhlenbruck et al., 1983; Springer et al., 1983; Yeatman et al., 1989) .
The involvement of membrane constituents has been demonstrated directly by transfer of the metastatic capacity by fusion of low metastatic cells with membrane vesicles from highly metastatic cells (Poste & Nicolson, 1980) . Most of the relevant evidence is indirect suggesting that membrane constituents which are less expressed on non-metastatic cells or even absent may be responsible for the properties of metastatic tumour cells. Accordingly, high and low metastatic cells differ in cell surface sialic acid (Yogeeswaran et al., 1981b) in glycolipid (Schwartz et al., 1985; Laferte et al., 1987) and in glycoprotein composition (Schwartz et al., 1984; Steck et al., 1987) .
With regard to glycolipid expression on virally transformed murine fibroblasts alterations in gangliosides and neutral glycosphingolipids (GSLs) have been demonstrated (Rosenfelder et al., 1977) . Metastatic sublines of virally transformed murine Balb/c 3T3 fibroblasts have been reported to contain ganglioside GM3 (see Appendix for abbreviations) and Gg3Cer as predominant GSLs on the cell surface (Yogeeswaran & Stein, 1980 ).
Here we report on the GSL expression of highly metastatic murine Balb/c 3T3 cells, which have been derived from a spontaneous fibrosarcoma of the lung (Roszkowski et al., 1985) . A subpopulation of Ll-fibrosarcoma cells is highly metastatic exclusively to the murine lungs, but has been demonstrated by experimental modification of membrane carbohydrates (sialidase treatment) to expand its metastatic distribution also to the liver (Uhlenbruck et al., 1986) . Since the latter process is inhibited by co-injection of polyvalent P-galactosides and free D-galactose, a specific interaction of terminal sugar residues on Ll-plasma membrane glycoconjugates and organ-characteristic lectins of the murine liver has been suggested (Beuth et al., 1987) .
A similar 'homing' phenomenon in the organotropy of native L1-cells can also be postulated for murine lung colonisation. Since cell surface glycoconjugates of this tumour system have not been studied on a sound chemical basis, the present contribution is an attempt to define variations in the glycosphingolipid expression on L 1 -fibrosarcoma sublines colonising the lungs at different rates after i.v. inoculation.
Materials and methods
Reference compounds Neutral glycospingolipids of the globo-series and sialyl-paragloboside were isolated from human erythrocyte membranes. Asialo-gangliosides of the ganglio-series were prepared from bovine brain gangliosides (Sigma, Munich, FRG) by treatment with I N acetic acid for 90 min at 100°C.
GMla, GDla and GTI were purchased from Sigma (Munich, FRG).
arisen in the lung of Balb/c 3T3 had been maintained in Balb/c mice by implantation of LI-fibrosarcoma cells s.c. into the animals' limbs, inducing growth of a local solid tumour (Roszkowski et al., 1985) .
Homogenates of LI fibrosarcoma were used for s.c. inoculations into eight syngeneic Balb/c mice. Two weeks later the tumours were enucleated, minced with scissors and forced through a stainless steel mesh. The homogenate was filtered through a sterile cotton layer, washed and resuspended after lysis of erythrocytes into 100ml growth medium for cell culture (RPMI 1640, containing 10% v/v fetal calf serum, 2 mM glutamine, 100 IU ml' penicillin, 1OOtLgml-' streptomycin and 2.51agmlm' amphotericin B).
Cells were passaged at intervals of 2-3 days (cell line LI).
Sterile i.v. injections of 105 viable LI cells per 0.1 ml phosphate buffered saline into the tail veins of Balb/c mice induced multiple, non-confluent lung metastases within 14 days. The lungs were resected and the metastatic nodules were separated from the remaining tissue. Cells derived from lung metastases were prepared for cell culture as described for LI-fibrosarcoma cells. The cell line derived from murine lung metastases (L1-LM) was used for establishment of several cloned lines designated Ll-LMn (n = 1-13). Cloning and recloning was performed by the limiting dilution method using trypsinised single cell suspensions diluted to 10, 50 and 100 cells ml' (first cloning) and seeded in multi-well dishes. After 1 week in a humid CO2 incubator colonies were isolated, grown up to 106 cells ml-' and recloned by dilution to 10 cells ml-'.
The relationship of cell lines examined in this study is as follows: primary tumour (LI-fibrosarcoma), to cell line LI, to lung metastases, to cell line L1-LM, to clonal cell lines LI-LMn (n = 1-13), to clonal WGA-resistant mutant LI-LM13 (WGA).
Lectin resistant mutant cells were selected by a procedure which has been described in detail (Dennis et al., 1981 The residue was extracted with 100 jl of chloroform-methanol, 1/1 (v/v), and chromatographed on Whatman 3 paper using water as eluent. The GSLs remaining at the origin were eluted with chloroform-methanol-water, 10/5/1 (v/v) and analysed radiometrically for incorporated '4C-NeuAc in a B-scintillation counter.
Isolation ofglycosphingolipids
On an analytical scale, glycosphingolipids were isolated from approximately 0.2 ml of packed cells by sequential extraction with 5 vol. of chloroform/methanol 2/1, 1/1, 1/2, v/v. The combined extracts were concentrated to dryness and applied onto DEAE-Sephadex (acetate) for separation of neutral GSLs and gangliosides (Yu & Ledeen, 1972) .
Gangliosides eluting with chloroform/methanol/0.8 M sodium acetate (30/60/8, v/v) were desalted on Sep Pak C18 cartridges (Millipore) as described by Kubo and Hoshi (1985) . Neutral GSLs were separated from other lipid components by acetylation and chromatography on Florisil (0.15 -0.25 mm, Serva, Heidelberg, FRG) as described by Saito and Hakomori (1971) . Large scale preparations were performed accordingly starting from 1-5 ml of packed cells and introducing a Folch-partition prior to DEAE-Sephadex chromatography. Structural analyses The monosaccharide compositions of glycolipid fractions and HPTLC-purified GSLs (10 ,.g) were analysed after methanolysis (1 N methanolic HCI), fatty acid extraction, and re-N-acetylation (Chaplin, 1982) . 1-0-methyl glycosides were trimethylsilylated and analysed on a fused silica capillary column wall coated with RSL 300 (Alltech, Unterhaching, FRG) by heating from 100 to 130°C (16°C min-') followed by a gradient from 130 to 260°C (40C min -). N-Glycolyl-and N-acetylneuraminic acid of acidic GSLs were identified and quantified after mild methanolysis (0.05 N methanolic HCI, 2 h, 70°C) (Yu & Ledeen, 1970) by gaschromatographic analysis as described above. Total sialic acid content of tumour cells was analysed according to Aminoff (1961) after mild acid hydrolysis and chromatographic separation of released sialic acid on DEAE-Sephadex.
FAB mass spectrometry in the positive ion mode was performed on a ZAB HF mass spectrometer (VG Analytical, Manchester, UK) using conditions described previously (Egge & Peter-Katalinic, 1985) . Briefly, 5 lag of GSL were permethylated according to Hakomori (1964) , solubilised in methanol/thioglycerol and applied onto the target which had been preloaded with sodium acetate. The target was bombarded with xenon atoms having a kinetic energy equivalent to 8.5-9.5 kV.
Glycolipids (50 fLg) in 100 l1 0.05 M sodium acetate, pH 5.0 were digested for 24 h at 370C with 50 milliunits of the following exoglycosidases: a-galactosidase from E. coli (Sigma, Munich, FRG), P-galactosidase from E. coli (Sigma, Munich, FRG), P-galactosidase from jack beans (Sigma), P-N-acetylglucosaminidase from jack beans (Sigma) and (in the presence of 9 mM CaC12) sialidase from Vibrio cholerae (Behringwerke AG, Marburg, FRG). The GSL-digest was dried by lyophilisation, extracted with chloroform/ methanol 1/1, v/v and analysed by high-performance thin-layer chromatography.
In situ hydrolysis of cell-bound sialic acid was performed by incubation of 107 viable cells with Vibrio cholerae sialidase (0.5 units ml-) in RPMI 1640 for 1 h at 37°C. Cells were washed three times with phosphate buffered saline and analysed for their GSL composition or injected into mice for metastasis assay. mutant cells L1-LM13WGA exhibit striking variations with respect to the cellular expression of neutral glycosphingolipids. In detail the following differences could be observed.
In addition to precursor GSLs LacCer and GlcCer the primary tumour cells of cell line LI express high levels of GalCer ( Figure 1 , Table I ). GSL expression of LI-cells is restricted to globo-series GSL Gb3Cer and Gb4Cer rather than ganglio-series GSL Gg3Cer (asialo GM2) found on non-transformed 3T3-cells and their virus transformed, metastatic derivatives (Yogeeswaran & Stein, 1980) . The cell line from murine lung metastases (Ll-LM) and its clonal subline (Li-LM12) partially retain the qualitative features of the parental line (LI) by expressing exclusively the globoseries GSL Gb3Cer (Figure 2a) . In contrast to the parental line LI, cell lines from lung metastases (Ll-LM and Ll-LM12) express only trace amounts of LacCer (Figure 2a ). colonisation potential which is associated with subclone specific GSL expression. All cloned cell lines L I-LMn (n = 1-13) derived from the parental line L1-LM apparently exhibit the same patterns of neutral GSLs independent of whether total cell residues or plasma membranes were analysed (data not shown).
The GD la._ isolated from human erthyrocytes or from bovine brain, compositional analyses of the carbohydrate moieties (Table  I) , FAB-mass spectrometry of permethylated GSLs (Table I) and a-galactosidase digestion.
GalCer contained in HPTLC-fraction 1 of Folch lower phase GSLs besides GIcCer was identified by the pseudomolecular ion M + Na at m/z 918 in FAB mass spectrometry and by the monosaccharide composition (Table I) (Table III) . Moreover, all cell lines derived from Li-fibrosarcoma exhibit similar distributions of lipid versus protein bound sialic acid (Table III) . A significant proportion of total sialic acid per mg freeze dried cell residue contained in the acidic GSLfraction of LI-cells was identified as N-glycolylneuraminic acid (13%), while cell lines from lung metastases and WGAresistant mutant cells expressed exclusively N-acetylneuraminic acid; this substitution of N-glycolyl-for N-acetylneuraminic acid (up to 50%) is found on major gangliosides GM3, GM2, GMIa and GDla (Table II) . The ganglioside patterns of metastatic cell lines (LI-LM and LI-LM12) display shifts to more polar species with particular preponderance of GDla (Figure 2a , Table V) .
A substantial reduction of GM2 to trace amounts and a complete lack of GM3-expression can be assigned to the highly metastatic sublines of LI (LI-LM and LI-LM12) (Figure 2a ). The plasma membrane-associated ganglioside compositions of L1-LM and Ll-LM12 cells are largely identical with the patterns obtained for total cell residues.
Contrasting with the highly metastatic cell lines the WGAresistant mutant Li-LM13 WGA exhibits a strikingly different pattern of ganglioside expression. Most obviously the shift to acidic GSLs of higher polarity is less pronounced 12.4 ( 1.9) 4.9 (± 1.0) aColorimetric analyses of sialic acid were performed in triplicate by the thiobarbituric acid-method as described by Aminoff (1961 In situ desialylation of membrane gangliosides In situ hydrolysis of membrane bound sialic acid on intact tumour cells (LI-LM) using the Vibrio cholerae enzyme gave rise to an extensive conversion of GDla into GMIa ( Figure  2b , lane 1) suggesting that the majority of this most prominent ganglioside is exposed on the cell surface. GM1a, GM2 and GM3 on the tumour cells are sialidase resistant under the conditions used.
This treatment of the tumour cells had a significant effect on the colonisation capacity of L1-LM cells directed to the murine lungs (Table IV) . Macroscopically countable tumour nodules caused by i.v. injected tumour cells in syngeneic mice were reduced by about 80%, when cells had been treated with sialidase.
Since the most prominent GSL (GDla) on the metastatic LI-cells is extensively degraded and sialic acid exposure on the tumour cells is markedly reduced by in situ sialidase treatment, the observed decrease in the metastatic potential of these cells may point to a functional involvement in the metastatic process of membrane-bound sialic acid or distinct GSL-species accumulating on highly metastatic LI-sublines.
GSL-radiolabelling of tumour cells '4C-galactose is readily incorporated into GSLs of exponentially growing tumour cells as measured by autoradiographic analysis after 1 h, 3 h or 18 h incubation periods. The radioactive substrate was preferentially incorporated into the ganglioside fraction of LI-LM 12 cells with a particular preponderance of GDla labelling ( Figure 3 , Table V) Moreover, the pattern of GSL-expression was found to be shifted to less polar gangliosides (GMla) within the acidic fraction ( Figure 3 , Table V In summary, composition analyses and metabolic labelling experiments revealed that the lung colonisation potential of in vivo selected sublines from mouse LI-fibrosarcoma cells is associated with a dramatic acceleration of polar ganglioside synthesis (particularly of GDla representing more than 70% of total gangliosides), concordant with a simultaneous drop in neutral GSL synthesis which is restricted to the globo-series GSL Gb3Cer. With reference to the biosynthetic scheme presented in Figure 5 high activities of GMl/a-3-sialyltransferase (Basu & Basu, 1982) in highly metastatic cell lines are suggested to be responsible for the extensive leakage of the LacCer pool by equilibrium shift within the sequence of ganglioside synthesis and competition for the precursor substrate. Accordingly, LacCer is reduced to trace amounts on highly metastatic cells and gangliosides are expressed increasingly in order of their biosynthesis: GM3 < GM2 < GM la < < GDla.
Similar suggestions can be made on the basis of biosynthetic labelling experiments which demonstrated the ready incorporation of '4C-galactose into metabolites of the ganglioside sequence, particularly into GDla. In contrast to this the low metastatic WGA-resistant mutant exhibits a ganglioside pattern which is more shifted towards less polar components. The striking differences in the actual steady state distributions of polar gangliosides derived from the low and high metastatic cells are, on the other hand, not reflected by the specific SAT4 activities responsible for the conversion of GMla into GDla.
These results are in accordance with previous findings of other laboratories (Yogeeswaran et al., 1981b; Schwartz et al., 1985; Laferte et al., 1987) who agree in the main conclusion that the progress to a highly metastatic phenotype is accompanied by elevated levels of sialylated glycolipids. A functional role of these gangliosides within the metastatic cascade may be postulated (control of cell proliferation, adhesion to extracellular matrix components, protection from host defense mechanisms, binding to organ-characteristic lectins on microvessel endothelial cells), irrespective of whether specific recognition phenomena or mere electrical charge effects are involved. Also in another tumour model surface exposed sialic acid has been reported to play a key role in pulmonary metastasis (Kijima-Suda et al., 1986) . On the other hand it may be argued whether GSLs are responsible for the specific lung colonisation of LI-fibrosarcoma cells, irrespective of the fact that an enzymatic conversion of GDla to GMla on lung metastatic cells has a significant effect on the colonisation potential of these cells.
Besides a reduction of lung colonisation by the partially desialylated tumour cells the metastatic distribution is expanded also to the liver (Uhlenbruck et al., 1986) . Since this experimental liver metastasis can be prevented by coinjection of tumour cells with disaccharides of the P-galactoside series and P-galactose exposing polysaccharides (Beuth et al., 1987) but not with glucans or mannans, a specific interaction between liver lectin(s) and tumour cell carbohydrates has been postulated to form the molecular basis for the organotropy of experimental metastasis. On the other hand the molecular species involved in this hypothetical recognition phenomenon have not been defined even not with respect to their chemical class, i.e. glycoproteins or glycolipids. For the liver-metastasising lymphoma ESb a possible receptor function has been ascribed to glycoprotein-carried Thomsen-Friedenreich (TF)-antigen (Springer et al., 1983) . In 
(GD 1) Figure 5 Proposed biosynthetic pathways for glycosphingolipids on metastatic cell lines LI-LM and LI-LMn. 1, GlcCer/P-4 galactosyltransferase; 2, LacCer/a-4 galactosyltransferase; 3, Gb.,Cer/P-3 N-acetylgalactosaminyltransferase; 4, LacCer/a-3 sialyltransferase; 5, GM3/P-4 N-acetylgalactosaminyltransferase; 6, GM2/P-3 galactosyltransferase; 7, GMl/a-3 sialyltransferase (SAT4). The fat arrow indicates high enzyme activity of SAT4.
another tumour system sialylated glycoprotein-N-glycans expressing L-PHA-reactive polylactosamine chains on Pi1-6Man branches, but also the level of gangliosides distinguish highly metastatic MDAY-D2 cells from their non-metastatic mutant MDW4, which is characterised by a low degree of sialylation on both classes of glycoconjugates (Dennis et al., 1984) .
The more complex patterns of gangliosides and neutral GSLs obtained for the population of primary tumour-derived LI-cells compared with the rather simple compositions of lung metastatic sublines (LI-LM) and their clonal derivatives (Ll-LMn) may be interpreted in terms of tumour cell heterogeneity in the Li-fibrosarcoma line and in vivo selection for metastatic sublines accumulating high levels of distinct GSLs.
Of high significance for the purpose of this study is the previously published work on metastatic sublines of virally transformed murine 3T3 fibroblasts suggesting that a higher metastatic level into mouse lung is correlated with increased expression of Gg3Cer and GM3 (Yogeeswaran & Stein, 1980) . This finding is not corroborated by the present study suggesting that there may be no general molecular basis associated with the lung metastatic phenotype in different tumour systems derived from transformed murine fibroblasts. Moreover, there is also no experimental evidence which would suggest that total sialic acid content or surface exposed sialic acid (unpublished data) of Ll-fibrosarcoma is associated with the metastatic potential.
Further studies on metastatic Li-fibrosarcoma cells with particular reference to their glycoprotein expression and to 0-and N-glycan structures associated with the metastatic phenotype may help to elucidate a possible involvement of distinct membrane carbohydrates in the organotropy of metastasis.
This work was supported by grants Uh 8/14-2 and Pu 29/6-2 from the Deutsche Forschungsgemeinschaft. The authors are obliged to Mrs E. JanBen, G. Stellbrink and C. Bottinger for their skilful technical assistance.
